The iron-carbonyl geometries in carboxymyoglobin (MbCO) and carboxyhemoglobin (HbCO) in ambient temperature solution have been investigated using picosecond time-resolved infrared spectroscopy. Polarized infrared and visible beams were used to monitor the change in infrared absorbance of the bound CO stretch bands on photodissociation of the ligand. The ratio of the change in absorbance for perpendicular and parallel relative polarizations of the photolysis and infrared probe beams is directly related to the angle between the ligand bond axis and the normal to the heme plane. Ratios, and hence the angles, have been obtained for the configurations giving rise to the principal CO We have recently suggested a new method of determining IR spectra with ps time resolution (2). In this measurement the sample is first pumped by a ps pulse of visible or UV light and the IR spectrum of the sample consisting of both photoproducts and unphotolyzed material can be recorded at variable ps delay times. The experiment can be done with polarized IR and visible beams, so that the magnitude and decay of the orientational correlation function for photoproducts and unphotolyzed material can be evaluated. For heme proteins-where the overall molecular rotation is slow-the magnitude of the polarization anisotropy is directly related to the angle between the transition dipoles for the IR and visible absorptions. In this paper we present results from a significantly improved version of the original experimental design, applied to the photodissociation of carboxymyoglobin (MbCO) and carboxyhemoglobin (HbCO). The measurements are used to define the heme-CO geometry for these heme proteins in solution. The preliminary results (2) for MbCO involved an uncertainty in the polarization anisotropy of >50%. In this study the error is reduced to -10% and allows a sharp definition of the ligand geometry of this heme protein in solution.
and 1933 cm-l bands of MbCO. Structures consistent with x-ray diffraction and the picosecond experiments reported here are proposed for MbCO and HbCO in which the Fe-C bond tilts to the heme normal and the Fe-C-O angle differs significantly from 1800.
The infrared (IR) spectra of carboxyheme proteins in the region of the carbonyl stretching frequency indicate plausible heme-ligand structures (1) . Knowledge of these structures for heme proteins in solution is needed to fully understand how the protein influences the ligand dynamics. It is therefore important to generate new experiments that help establish the relationships between observed IR spectra and heme-ligand structure.
We have recently suggested a new method of determining IR spectra with ps time resolution (2) . In this measurement the sample is first pumped by a ps pulse of visible or UV light and the IR spectrum of the sample consisting of both photoproducts and unphotolyzed material can be recorded at variable ps delay times. The experiment can be done with polarized IR and visible beams, so that the magnitude and decay of the orientational correlation function for photoproducts and unphotolyzed material can be evaluated. For heme proteins-where the overall molecular rotation is slow-the magnitude of the polarization anisotropy is directly related to the angle between the transition dipoles for the IR and visible absorptions. In this paper we present results from a significantly improved version of the original experimental design, applied to the photodissociation of carboxymyoglobin (MbCO) and carboxyhemoglobin (HbCO) . The measurements are used to define the heme-CO geometry for these heme proteins in solution. The preliminary results (2) for MbCO involved an uncertainty in the polarization anisotropy of >50%. In this study the error is reduced to -10% and allows a sharp definition of the ligand geometry of this heme protein in solution.
MATERIALS AND METHODS
Spectroscopic Method. The transient IR spectra were recorded using the same principles as previously described (2 Table 1 are the mean values for data sets consisting of =20 measurements, with uncertainties of about 9-16%; this error stems principally from photon noise from low signal intensities and fluctuations in the diode laser intensity. Variation in R between separate data sets is typically ± 5%.
Values for the angle a are also included in Table 1 . The angle a value corresponds to the best estimate for an angle between the carbonyl bond axis and the normal to the heme plane from interpreting the anisotropic absorption as follows: Absorption changes for infinitesimally short light pulses, AAOI and AA', are assumed to result from depleting the carboxyheme population by dissociation of CO after absorption of a polarized visible photon into the doubly degenerate (x,y polarized) Q band of the heme. The colinear probe IR beam, polarized parallel or perpendicular to the photolyzing beam, is assumed to interact through a transition dipole along the C-O bond axis that makes an angle a with the normal to the heme plane. The anisotropy r(t) defined (6) as (AA'1 -AAO)/(,AO1, + 2AA ) is given by: [1] where P2 (x) is the second Legendre polynomial 1/2 (3X2 -1). The unit vectors AABS(O) and &(t) correspond to the transition dipole directions for the photolyzing transition at time zero and the probed transition (in the IR) at time t after photolysis, respectively. The angled brackets signify an angular and ensemble average. For the degenerate transition, r (t) is the average of the anisotropies for x-and y-polarized absorption: AA ;(t) _ 4 -(sin2 a(t)) AA 11(t) 2 + 2 (sin2 a(t))' [4] where (---) indicate an average over the distribution of angles a. For finite-length laser pulses the observed ratio R = AAJJ AA11 is obtained by appropriately convoluting these pulse shapes with AA'(t) and AA', (t) before taking the ratio. 
where a is the angle between the C-O axis and the normal to the heme plane. The correlation function in Eq. 1 gives the correct experimental anisotropy only when the photolyzing pulse introduces infinitesimal changes from the equilibrium orientational distribution. Strictly, the change in the ground-state population due to the photolyzing pulse is proportional to exp( -ae), where is the absorption coefficient and E is the absorbed energy from the pulse (photons per cm2). The small conversion limit holds if exp( -aE) is accurately given by (1 -orE). In our experimental conditions, an error of .8% is introduced when only the first term in the expansion is used. However, it is straightforward to carry out the angular averages and also include the term in (a-E)2, such that the observed R values can be adjusted to those that would be observed in the limit of infinitesimal photolysis (9) . This small correction is incorporated into the R values given in Table 1 (3, 5) . This proposal has been supported by work using Raman spectroscopy (27) . The remaining lower frequency bands have been assumed to correspond to the structures in which the CO is distorted from a linear, perpendicular configuration, and a commonly discussed effect of the heme pocket on the CO ligand has been that of interaction between the carbonyl group and the nitrogen atom ofthe distal histidine (E7), which can act as an electron donor and which is in close proximity to the ligand. It has been proposed that, in general, lower CO stretch frequencies correlate with an increase in nucleophilic donation from the histidine (1, 25) , and this proposal has been used to account for the different kinetics of the two bands seen for recombination of photolyzed MbCO at low temperatures (28) (30, 31) and, as indicated above, the distortion from this configuration is considered to be due to steric constraints caused by the heme pocket and not a change in electronic structure of the group resulting in a different preferred configuration. This idea is given strong support by our recent observations (2, 9) on protoheme-CO structures in solution. We have found that the CO is significantly inclined to the heme normal and that the amount of this inclination depends on the different solvent structures obtained as the viscosity is varied.
The energetics for distortion of the FeCO unit by means of either a tilt in which the FeCO axis remains linear, or a bend, in which the Fe-C axis remains perpendicular to the heme plane, have been estimated (32) , and it was concluded that the protein matrix was not sufficiently rigid to bend the FeCO unit by >200 and that the tilt of a linear unit was the more likely distortion because this required less strain on the protein. Other calculations on model heme-CO complexes have suggested that a combined tilted and bent structure is most likely in the case of the heme proteins (33). The angles given are for the angles made between the CO and the heme normal. ND, neutron diffraction; XD, x-ray diffraction; EXAFS, extended x-ray absorption fine structure; XANES, x-ray absorption near-edge structure. Polarized absorption spectra have been studied for a number of heme proteins and ligands (34) . The relevance of these studies to the work described here is their determination of the transition moments of the visible absorption Q bands in the 500-to 600-nm region. The absorption in this region for MbCO and HbCO is x,y-polarized in the plane of the heme, but the Q0 band (-570 nm) has unequal x and y components. Outside this band the x and y components are equal (34) (35) (36) , and the heme behaves as a circular absorberi.e., there is equal probability of absorption for all directions of the electric vector of the radiation parallel to the heme plane. Because the results reported here are more easily interpreted for a circular absorber, the wavelength of the photolysis laser employed was 558 nm, outside the Q0 band, and in the region where the assumption that the heme is a circular absorber is valid.
The assumption that the CO stretch is polarized along the CO bond axis is commonly made because the CO behaves to good approximation as a local oscillator (19, 23, 24) . This assumption has been made in many other studies with polarized IR spectroscopy as a probe of CO orientation-examples being CO adsorbed on surfaces (37) and CO units in larger molecules adsorbed on surfaces (38) , and this assumption is made here.
The two assumptions regarding heme and CO transition dipoles form the basis for the interpretation of the anisotropic change in IR absorbance to obtain the angles of the CO to the heme normal. Our experimental procedure distinguishes only between different values of a for the angle of the CO to the normal of the heme plane and not between different configurations (bent, linear tilted, or a combination of the two) with the same a value. Neither does the technique distinguish between configurations with different values of the dihedral angle in the molecule frame. From consideration of previous work, as given above, either the simple bent or linear tilted cases would probably not describe the actual case in the protein, which is most likely a combination of the two.
The significant result ofthese studies is that the angle ofthe CO ligand to the normal of the heme plane has been determined accurately for the configurations corresponding to the lower frequency IR bands of HbCO and MbCO in ambient temperature solution. It is reasonable to assume that the two configurations for MbCO measured here correspond to the two configurations obtained from x-ray diffraction studies (12) , which have different dihedral angles. The x-ray results were modeled for a bent configuration, giving a values of 400 and 60°. However, the authors noted that at their resolution it was not possible to determine whether a linear tilted or a bent fit was the more suitable.
The FeCO configuration of MbCO and HbCO can be obtained by using the a values obtained here in conjunction with the FeO positions obtained from x-ray diffraction work on crystals. Although the IR spectra of crystals and solutions differ, these differences have been attributed to changes in the relative proportions of the same FeCO conformers and not to differences in crystal and solution structures. As stated above, the x-ray studies could define the oxygen position accurately, but could not define that ofthe carbon atom. Hence, by taking the a values from this study and the oxygen positions from x-ray work (12, 13) and setting the CO bond length at 1.12 A as found in model compounds (30), we can obtain the FeCO configurations given in Fig. 1 corresponds to an increase in distortion from a linear perpendicular configuration is also confirmed in this case.
The distorted FeCO structures that we have now seen for these heme proteins undergo different geminate rebinding behavior from the protoheme distorted structures (2, 9) . In the latter case most of the CO rebinds at high viscosities (39) on the time scale of 102 ps (2) . For the heme proteins no significant sub-ns rebinding of CO occurs (40, 41) . This suggests that the protein relaxation after deligation, which was recently analyzed using x-ray diffraction (12) , introduces a steric barrier to rebinding in addition to the electronic barriers that may also exist from spin constraints (42) . The protoheme would then illustrate the dynamics expected in the absence of a steric barrier. We note that 02 has a reported sub-ns geminate recombination with Hb (42) and Mb (43) , suggesting that the 02 finds pathways to binding in the relaxed protein that are significantly less probable for CO. This difference could result from a significantly lower energy barrier for 02 approaching Fe on trajectories of large angle between the 02 axis and the heme plane, agreeing with Szabo's suggestions (44) . Oxygen bonds to the heme at an angle to the normal, even in unstrained model compounds for which the CO is upright (45) (46) (47) .
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